Energy storage plays a critical role in facilitating penetration of renewable energy and reducing carbon emission of conventional energy system. Among various energy storage technologies, thermal storage allows energy to be stored in form of heat or cold so that it can be used, later on, for heating and cooling purposes as well as for power generation. Development of highly efficient and cost-effective thermal storage materials as well as the corresponding devices has attracted much attention. Composite materials based on latent heat storage (LHS) have shown great potential for many thermal storage applications. This paper firstly elaborates the recent progress in the study of micro-structured LHS composite materials in light of three different types of material synthesis methods including incorporation, impregnation and microencapsulation. Detailed discussions about morphology, performance enhancement of thermal storage and heat transfer, and various applications are carried out for current micro-structured LHS composite materials. The latest study progress in macro-structured LHS devices are then summarized, which includes the structural design of devices, optimization of heat transfer and device efficiency, as well as the performance of the devices with different storage media. Lastly, opportunities for future work are identified.
Introduction
A large proportion of the global energy budget is used for heating purposes, mainly as building heating and in industrial processes [1] . Large amounts of waste heat are emitted from industrial process heat sectors, which are often unsteady and randomly distributed. Market penetration of solar energy as a prospective renewable heat sources is constricted due to the intermittent nature of solar irradiation. On the other hand, heat demand is usually unpredictable due to its variable nature unlike electricity. Thermal energy storage is required to save the extra heat supplied for later use in order to minimize the mismatch between supply and demand. Thermal energy storage systems can store heat or cold for periods of one day up to several months. It reduces peak demand, energy consumption and CO 2 emission, so the heating cost is lowered and the utilization of renewable energy is more practical. According to the recent DOE Global Energy Storage Database [2] , thermal energy storage has until now the second largest installation capacity of 3,391 MW that is only after pumped hydro storage. Globally there are 188 utility-scale thermal storage projects in operation or under construction for renewable energy time-shift/capacity firming or electric bill management.
Latent heat storage (LHS) is a technology that uses the energy absorbed or released during the phase change of a material. LHS is promising as it stores and releases heat at a nearly constant temperature, and stores 5-14 times more heat per unit volume than sensible heat storage (SHS) [3] . Although very simple in principle, the development of cost-effective and high-performance LHS materials/devices is still challenging. The heart of a LHS material is a phase change material (PCM). The favorable characteristics of a PCM are listed in Table 1 . For a specific application, the importance of different properties varies, but thermal conductivity, latent heat and long term stability in most cases are extremely important, as they are the benchmarks for evaluating charging/discharging rate, increasing compactness and prolonging service lifetime.
However, the known PCMs cannot meet the above favorable characteristics simultaneously. Especially for medium and high temperature applications, suitable PCMs are quite scarce. There are various approaches to overcome some drawbacks of the known PCMs and achieve high-efficiency LHS, which mainly includes two categories: modifying the microstructure to form shape-stabilized composite LHS materials and tailoring the macrostructure of LHS devices, as shown in Figure 1 . This paper therefore focuses on a review on methods for optimizing the LHS performance from the two aspects including micro-structured LHS materials and macrostructured LHS devices according to the final application considering storage performance and cost.
Micro-structured LHS materials Incorporation Mixing and sintering
Mixing and sintering is the simplest method to produce microstructured PCM-based composite materials. Such a direct incorporation approach is generally used to produce shape-stabilized and high thermal conductivity composites for high temperature heat storage applications. The procedure of such a method generally includes the milling, mixing, shaping, drying and sintering processes [5] . Both the supporting and phase change materials are milled into fine particulates, then mixed and compressed into the desired shape at room temperature. Afterwards, a sintering heat treatment is usually applied to obtain a compact structure that prevents the leakage of the liquid PCM above the melting point. As a result, no special devices or containers are required to encapsulate the PCMs and the direct contact heat transfer is thus enabled. By adding thermal conductivity enhancement material, such an approach can also improve the heat transfer performance of PCMs.
Since the 1980s, the mixing and sintering method has drawn a lot of attention particularly in the production of shape-stabilized composite materials for high temperature heat storage. Randy et al. [6] [7] [8] first made composite PCMs using the mix sintering method with 80wt% NaCO 3 -BaCO 3 as PCMs and 20wt% MgO as structural Table 1 . Favorable characteristics of phase change materials (PCMs) for latent heat storage [3, 4] .
Properties
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Physical Chemical Economic material. The composition materials showed good stability after 22 heating and cooling cycles from 850°C to 75°C, with only a 1% mass loss and a 1% decrease in density. In the early 1990s, Gluck [9] and Hahne [10] compressed Na 2 SO 4 and silica mixtures at 70 MPa and then sintered them at 1000°C for 2 h to fabricate bricks for high temperature heat storage. The heat storage capacity of such ceramic bricks consisting of 20wt% inorganic salts was 2.5 times higher than that of the pure ceramic bricks. In the middle of 1990s, Tamme [11] produced Na 2 SO 4 /SiO 2 and Na-BaCO 3 /SiO 2 composite materials with different shapes using the same procedure and these shape-stabilized composite materials all displayed excellent thermal, chemical and mechanical stability. Notter et al. [12] investigated the thermo-physical properties of Na 2 SO 4 /SiO 2 composite materials with different amounts of Na 2 SO 4 from 20% to 50%. Both the specific enthalpy and thermal conductivity of such composite materials can be calculated by a simple weighted-average mixing rule for mixtures. In the late 1990s, Steiner et al. [13] investigated NaNO 3 -NaNO 2 /MgO composite materials with temperature ranging from 150°C to 450°C and found the super-cooling phenomenon of about 2°C. In the 21st century, Zhang et al. [14] carried out in-depth analysis on carbonate/MgO composite materials and the result showed that there is good chemical compatibility between carbonate and MgO. Qin et al. [15] explored new sodium sulfate/diatomite composite materials with a melting temperature around 880°C. They showed that the composite containing 45% diatomite gave an optimal formulation in terms of energy density, salt leakage and mechanical strength. However, the method based on mixing and sintering requires high processing temperature. The high temperatures increase the risk in decomposition of PCMs and reaction between different materials, disable net shape formation and contribute substantially to the energy consumption. Therefore, this method is difficult to be extended to more PCMs with various phase change temperatures for wider applications.
Thermal conductivity enhancement
Apart from the stabilized shape, enhanced thermal conductivity is required for such composite materials in real applications to enable more effective charging/discharging processes. Ge et al. [16] developed a novel composite by using a eutectic mixture of lithium and sodium carbonates as PCM, MgO as structural material, and graphite as thermal conductivity enhancement material. Good chemical compatibility, thermal stability and thermal conductivity of the composite were obtained. Moreover, through experimental investigation, it was observed that the microstructure of the composite is related to the wettability of the salt on the ceramic substrate and that on the graphite. Ge et al. [17] also found that ceramic materials had a relatively high interfacial energy so that the liquid PCM was likely to spread on its surface to displace the solid-gas interface. Such a property helps pull the ceramic particles together and increase the local rigidity of the structure. Ye et al. [18] added multi-walled carbon nanotubes (MWCNTs) into a Na 2 CO 3 /MgO composite. The composite displayed good thermal stability and its thermal conductivity increased with the MWCNT content. Although additives could enhance thermal conductivity, the energy storage density would be decreased. A compromise should be made between the two properties. Theoretical calculating formula for the quantitative relations between the additive content and thermal conductivity of composite should be established to guide the development of more composites. 
Specific heat enhancement
Apart from the enhancement in thermal conductivity, it has also been demonstrated that the direct addition of nano-scale particles can also enhance the heat capacity of some thermal storage materials, in particular, liquid phase molten salts as sensible heat storage media in concentrated solar power (CSP) applications [19] [20] [21] [22] . In 2011, Shin and Banerjee [23] added SiO 2 nanoparticles into a eutectic salt mixture (BaCl 2 :NaCl:CaCl 2 :LiCl, 34:13:40:13) and it turned out that 1% addition of SiO 2 nanoparticles can lead to 14% enhancement in specific heat capacity compared to the pure salts. Three potential mechanisms were proposed on the improvement, namely: (1) higher specific heat capacity of nanoparticles than the bulk value of silica, (2) solid-fluid interaction energy, (3) "layering" of liquid molecules at the surface to form a semi-solid layer. A similar study has also been carried out on carbonate-based molten salts (Li 2 CO 3 :K 2 CO 3 , 62:38) and a 25% enhancement of specific heat was achieved with 1% SiO 2 nanoparticles [24, 25] . Furthermore, a needle-like structure was observed with scanning electron microscopy (SEM) which can significantly enhance the specific contact surface between the nanoparticles and base salts and this may eventually contribute to the enhancement of specific heat capacity. Dudda and Shin [26] studied the effect of SiO 2 on nitrate salt (NaNO 3 :KNO 3 , 60:40) and 8-24% of specific heat capacity enhancement was observed by adding 1% SiO 2 nanoparticles. It was also found that there was a gradual increase of specific heat capacity of nanomaterials with increase in the nanoparticle diameter, which implies that the surface area of nanoparticles is an important factor in specific heat capacity enhancement. A very similar study on nitrate salt was also carried out by Andreu-Cabedo et al. [27] and it was found that with addition of 1% of nanoparticles, a 25% enhancement in specific heat capacity was achieved. It was also found that increasing the ratio of nanoparticles would not further enhance but, on the contrary, lower the enhancement. Besides SiO 2 , other nanoparticles are also studied with different molten salts. Jo and Banerjee [28] studied the effect of graphite on carbonate salts and found that with the introduction of graphite, different salt receives different enhancement. Ho and Pan [29] studied the effect of Al 2 O 3 nanoparticles on a ternary salt eutectic (NaNO 3 :KNO 3 :NaNO 2 , 7:53:40) and found that the optimal concentration of nanoparticles in molten salt that maximizes the specific heat capacity was 0.063%, and the corresponding enhancement was 19.9%. By observing with SEM, they also found that the agglomeration of nanoparticles becomes stronger and the enhancement of specific heat capacity may even become negative as the concentration of the nanoparticles increases above 2%. Slight agglomeration of particles that formed clusters with sizes from 0.2 μm to 0.6 μm provided about half of the total interfacial area. These clusters may be responsible for the maximum improvement of specific heat capacity at the optimal concentration of 0.063%. Chieruzzi et al. [30] have compared the effects of SiO 2 , Al 2 O 3 , and TiO 2 nanoparticles on nitrate salts (NaNO 3 :KNO 3 , 60:40) and it is found that the specific heat capacity would decrease with the addition of TiO 2 nanoparticles while increase with SiO 2 or Al 2 O 3 nanoparticles. More interestingly, in their study, a mixture of SiO 2 and Al 2 O 3 nanoparticles provided the highest specific heat capacity enhancement of 22% with only 1% addition of nanoparticles in weight to the liquid phase. SEM observation also suggested a higher interaction between the SiO 2 -Al 2 O 3 nanoparticles and salt.
It is worth mentioning that although more and more studies have observed the specific heat capacity enhancement in molten salts while adding nanoparticles, there is still a debate on such an aspect. Lu and Huang [31] tested the nitrate salt (NaNO 3 :KNO 3 , 60:40) with addition of Al 2 O 3 nanoparticles and found no enhancement in specific heat capacity. On the contrary, the specific heat capacity decreased with the addition of Al 2 O 3 nanoparticles. They proposed that a nano-layer between salt and nanoparticles may cause the reduction in specific heat capacity and due to the nano-layer effect the specific heat capacity reduces when nanoparticle size reduces. A further study is required to confirm the effect of nanoparticle additives on the specific heat of different PCMs and to ascertain the mechanisms of probable enhancement in specific heat capacity.
Designed phase change temperature
The direct mixing of different materials can also be used to design the phase change temperature of materials. For example, Tunçbilek et al. [32] developed a eutectic mixture of lauric (LA) and palmitic acids (PA) with 69.0wt% of LA and 31wt% of PA. The melting temperature of the mixture was 35.2°C, which is below the pure PA (59.8°C
) and the pure LA (42.6°C) melting temperatures. Experiments showed that the LA/PA eutectic mixture had good thermal properties and stability, and could be a promising material for low temperature applications.
Such a direct mixing approach is more widely studied for cold storage instead of heat storage. For inorganic-inorganic mixtures, eutectic salt hydrate is the most widely investigated and applied. Zheng and Wu [33] provided the thermal properties of eutectic salt hydrate at different temperature levels from −62°C to −2.1°C
, as shown in Table 2 . These PCMs have the advantages of high fusion heat and density. However, they also have issues of phase separation, super cooling, etc. The phase separation issue can be addressed by adding water, with a gelling or thickening agent [34, 35] . The super-cooling issue can be improved by adding nucleating agents, using cold fingering method and exerting physical fields (ultrasonic field, electromagnetic field, magnetic field, etc.) [36, 37] . He [38] also studied the relationship between the thermal conductivity and the volume fraction of nano-TiO 2 particles in BaCl 2 /H 2 O eutectic solution. He found that by adding nanoparticles into the solution, thermal conductivity can also be enhanced corresponding to the amount of nanoparticles. Ice slurry is also a eutectic system with adjustable freezing points for different concentration of additives (usually salts or alcohol). However, different from eutectic systems mentioned above, ice slurry system does not work at its single eutectic temperature. Hägg [39] and Melinder [40] gave a whole review of ice slurry system including freezing point depression, mathematical method to calculate ice fraction, predict thermophysical properties, enthalpy and rheological properties.
Direct mixing of organic materials is also studied for cold storage applications. Compared to inorganic salt hydrates, organic materials are mostly chemically inert, stable and recyclable. In addition, they exhibit little or no super-cooling, no phase separation, and are non-corrosive. However, they have relatively poor thermal conductivity and low density, and are flammable, unlike inorganic PCMs [41] . Yilmaz et al. [42] developed new binary mixtures of paraffins to be used as PCMs for thermal energy storage in cooling applications. Experimental results of their on-set freezing temperature and heat of fusion are shown in Table 3 . As shown in Table 3 , the freezing point range is suitable for a variety of cold storage applications.
Guo [43] also studied several multi-component organic PCMs from ethylene glycol, sodium formate, sodium acetate, sodium lactate, ethacetic acid, glycerol, sodium propionate, ethylene glycol and H 2 O. Thermal properties of these materials are shown in Table 4 . Direct mixing of different materials to tailor the phase change temperature can better meet the requirement of specific applications. But it will also bring some issues, such as phase separation, super cooling or poor thermal conductivity. There is a need to adopt some measures to overcome the issues.
Impregnation Impregnation process
Impregnation is a process in which a liquid material enters into a mechanically stable and porous material and occupies the pores inside the matrix due to capillarity action [44] . It is another technique to produce composite materials with stabilized shape or enhanced thermal conductivity. In such composites, the liquid materials are encapsulated in the porous structures to prevent any leakage or contact with other materials [45] . Technically, there are mainly two types of infiltration methods, natural and vacuum infiltration:
Natural infiltration is carried out at atmospheric pressure. Depending on the porous material size, this process can be completed easily by melting the PCM and immersing it into the foam. The benefit of natural infiltration is the low cost of the process.
The vacuum infiltration technique involves the evacuation of the air in the foam before or during the insertion of the PCM into the porous matrix. The vacuum is then released to allow atmospheric pressure to drive the PCM into the foam [46] . Compared to natural infiltration, vacuum infiltration has proved to be more efficient [47] [48] [49] . Vacuum infiltration has recently been applied to impregnate high density and low porosity matrix. This method consist of the vacuum process prior to the melting process of the PCM without releasing during the solidification and applying an excess of pressure from the infiltration side in order to overcome the problem of the viscous PCMs [50] .
The impregnation process can be influenced by several variables that will finally affect the composition of the composite. In natural impregnation, the contact time between PCMs and porous solid, the viscosity of the PCM as well as the structure of the porous matrix will affect the impregnation process. In vacuum impregnation, the factors may include the exposure time of the solid to vacuum, the contact time between PCMs and porous solid under vacuum, the contact time between PCM and porous solid at atmospheric, the viscosity of the PCMs and the structure of the porous matrix. Zhang et al. [51] studied the influence of pore morphology on the capability of absorbing PCMs. Their study indicated that the geometrical features of the porous structure, including porosity, transport tunnel in boundary part and connectivity factor of the pore structure of the inner part, greatly affect the PCM-absorbing behaviour of the porous materials. Nomura et al. [47] impregnated with vacuum method, a porous material with different porous size, showing that the size of the pores affects the melting point of the PCM, due to the named nano-size effect [52] . Wang et al. [53] also demonstrated that due to the interconnected pore channels and large specific surface area, a MgO matrix can adsorb and store large amounts of PCM, up to 3.5 times its weight. In order to study the performance of the impregnation due to the pore size effect, Goitandia et al. [48] selected a representative spectrum of solid supports for their research, covering a wide range of pore sizes from micro-pores (>0.6 nm) to macro-pores (<200 μm). They found that the conventional porous materials, such as bentonite, zeolites, diatomaceous earth and expanded graphite, gave an initially high latent heat but presented serious PCM leakage due to the exudation from the macro-pores and the inter-granular spaces. However, meso-porous silica, designed by sol-gel technique, with nanometric channels (ca. 22 nm) avoided the risk of leakage. The small enough size of pores is crucial to avoiding the risk of leakage. The method is usually confronted with the issue of incomplete impregnation even when additional pressure/vacuum is applied, which will lead to the decrease in the energy storage density. Similar to direct incorporation, the impregnation method is also used to produce shape-stabilized composite materials or high thermal conductivity materials. As listed in Table 5 , ceramic matrix materials are predominantly used to produce shape-stabilized materials for building or high temperature applications. On the other hand, highly conductive matrix materials such as graphite-based materials (expanded graphite, EG), diatomaceous Earth (DE) and metal foams are potentially suitable for thermal management systems in electronics and the automotive industries [59, 62] . Compared to direct incorporation, the PCM concentration of impregnation in most cases is much higher.
Building applications
The impregnation method has been extensively studied for the shape-stabilized materials in building applications such as gypsum, diatomite and cement (see Table 6 ). These materials are highly porous, easy to mould with water; they are widely applicable in the building sector, easily available and have a low cost. The impregnation in building materials of PCM improves the heat storage capacity of the composites but has the detrimental effect of decreasing their mechanical properties which can even lead to a lack of suitability for their intended use (wall and ceiling cladding) and also reduce their fire resistance [65, 66] . Haurie et al. [67] presented a cement/paraffin composite for radiant floor systems in building applications. It was determined that the addition of PCM originates flames in the mortar upon exposure to a heat source. However, the mortars with PCM easily selfextinguished once the heat source was removed, indicating a low capacity to spread a flame in case of a fire.
Bentonite is also used as a porous matrix due to its nano-layered structure, high thermal conductivity and low cost. Li et al. [54] prepared a paraffin/bentonite composite by intercalating the organic molecules of PCM into the bentonite structure. It was demonstrated that the composite could prevent the PCM separating with the nano-layer of bentonite. The composite presented a good thermal stability as well as melting and freezing points of 41.7°C and 43.4°C, respectively, similar to that of pure paraffin. Hierarchically porous silica (HPS), which is porous silica with different sized macro-pores and meso-pores combined together, is also used as a matrix [68] . Wang et al. [53] prepared a composite PCM by loading pure PCM in the HPS matrix. Due to the interconnected porous channels and specific surface properties, the HPS absorbed up to 3.5 times of its weight in PCM. It was observed that the enthalpy value during the phase change increased by 10% and the PCM spillage during the liquid phase was avoided due to the strong interaction between the modified surface of the silica matrix and the PCM. Apart from the stable shape, thermal conductivity has to be considered as well if bio-based PCMs are used for building applications [69, 70] . Recently bio-based PCMs have been considered as well for building application due to their large latent heat, low vapour pressure in the melt, good chemical stability, self-nucleating behaviour, safety, and commercial availability at low cost. Moreover, natural waxes, processed from fruit, nuts and seeds, are all environmentally safe and non-toxic [71] . In addition, there has also been a big effort to produce environmentally friendly composites, biopolymers and biodiesels from soybeans [72] . Most of these bio-based PCMs also have a low thermal conductivity and present a phase instability in the liquid state, thus restricting their application in buildings [73] . Therefore, using bio-based PCM filled with high thermal conductivity materials is a good strategy to enhance their thermal properties. Bio-based PCMs have been impregnated, through the vacuum technique, into building materials such as gypsum, plaster, concrete, following the research on the use of PCM in building applications. Jeong et al. [73] formulated a 75% bio-based PCM with exfoliated graphite nanoplatelets named xGnP. xGnP are particles consisting of several layers of graphene sheets with a high aspect ratio compared to carbon nanotubes. The composite presented an increase of 375% in thermal conductivity using the vacuum impregnation technique. Jeong et al. [55] also used the vacuum impregnation technique to formulate a bio-based PCM composite material with hexagonal boron nitride (h-BN) as the matrix. H-BN is a material that presents high temperature resistance, thermal shock resistance, high thermal conductivity, good chemical stability at high temperatures; it is also non-toxic and environmentally safe [74] . The weak inter-layer bonding also enables all sintered BN-materials to be easily machined to produce complex shapes from hot-pressed billets so it can be used as powders, coatings or in its sintered form either as pure BN or as a composite. The investigation showed that the thermal conductivity was increased by around 400% while the latent heat capacity of the composite was nearly 80% of the pure bio-based PCM.
High temperature applications
For the particular case of high temperature applications (>120°C), a great interest is focused on inorganic eutectic salts as PCMs because of their low investment costs compared with metal alloys and wide range of melting temperatures to accommodate different applications [75] . Mullite (3Al 2 O 3 ·2SiO 2 ) and mullite-based ceramics have been studied extensively as the matrix to impregnate inorganic salts into because of their attractive properties such as relatively low thermal expansion coefficient, low density, high creep resistance and relatively higher thermal conductivity compared to silica [76] . Liu et al. [45] prepared a mullite/Na 2 SO 4 composite by impregnating the molten salt into the matrix at 950°C in order to study the effect of pore size. The study showed that when the matrix porosity decreases or the average pore size increases, the infiltration ratio of the molten Na 2 SO 4 decreases. The impregnating process also needs high temperature to melt the PCMs, which is energy-intensive for high temperature applications.
Thermal conductivity enhancement
In many applications, ranging from heat management systems in electronics and automobiles to acoustic shielding applications, graphite-based porous materials are widely studied as the matrix to form impregnated composition materials [77] . Graphite-based porous materials show great characteristics, such as, high thermal conductivity, low density, high porosity along with large surface area, making them attractive in enhancing thermal conductivity of composite materials, in addition to having a stabilizing effect on the shape of the composite which is governed by capillary and surface tension forces in the porous structure [62, 78] . Xiao and Zhang [79] presented a paraffin/ carbon foam composite with vacuum assistance impregnation with a thermal conductivity about three times higher than that of pure paraffin. Ling et al. [80] presented a composite produced by impregnation of a wax into expanded graphite (EG) that increased their thermal conductivity to 4.3 W m −1 K −1 with 25% EG. Of course the addition of EG reduces the heat capacity and latent heat of the PCMs. Moreover, Alshaer et al. [81] used a carbon foam as a the structure of a paraffin wax with a melting point of 65°C with 1% multi walled carbon nanotube (MWCNT). The material presented an increase in the thermal conductivity value compared to the paraffin/carbon foam of the module which the author proposes is due to the formation of a conductive network through the composite by the MWCNTs connecting the micro cells in the carbon foam.
Similar to graphite matrix, metal foam composites present even higher heat transfer improvement [82] . Zhou and Zhao [83] compared two different PCMs, a paraffin and a salt hydrate embedded into two different porous matrices, EG and a copper metal foam under the same heat flux conditions. The results shortened the melting time to a quarter of that for paraffin and to a third for calcium chloride hexahydrate respectively. Moreover, the copper foam largely enhanced the effective thermal conductivity during both the melting and solidification processes and also reduced the charging and discharging period. In addition, the supercooling of the hydrated salt was halved.
Wang et al. [82] presented an experimental study on aluminium foam and the results indicated that the use of aluminium foam can speed up the melting process and improve the temperature uniformity of the PCM. Fleming et al. [84] used the inclusion of aluminium foam into a thermal storage unit, using water as the PCM. An enhancement of around 100% in the melting process and 20% in solidification was reported. Oya et al. [60] presented an erythritol/nickel matrix composite with 85% of PCM and the thermal conductivity increased to 11.6 W m −1 K −1 . Xiao et al. [85] studied the effect of two metal foams (copper and nickel) using the vacuum-assisted technique. The paraffin/nickel foam composite presented a thermal conductivity of
, which is about three times higher than that of pure paraffin, while the paraffin/copper foam composite achieved a thermal conductivity of nearly 4.9 W m −1 K −1 , which is about 15 times higher. Although the overall performance of metal foams is superior to that of expanded graphite, corrosion is one of the main problems with metal foams due to reaction of the PCM with the metal. Zhao and Wu [86] compared different metal foams, copper and two different copper-steel alloys, and EG, embedded in 320°C liquid NaNO 3 for about 100 h. The corroded steel alloy samples presented some broken struts, especially the thinner struts. By contrast, graphite presented a good chemical stability to resist corrosion in molten salt environments.
In high temperature applications, Huang et al. [75] proposed the use of a binary molten salt and registered a two-fold increase in thermal conductivity with 10% of EG whilst avoiding an increase in the weight of the system as well as corrosion problems. Canseco et al. [87] observed that the use of a PCM in a carbon foam changes the properties of the composite from anisotropic to isotropic through the study of the mechanical properties of different molten salt/carbon foam composites.
Microencapsulation Manufacture of microencapsulated phase change materials (MPCMs)
Micro-encapsulation is defined as a process in which micro-scale particles or droplets are surrounded by a coating (or shell), or embedded in a homogeneous or heterogeneous matrix, to give small capsules with many useful properties [88] . It is another effective way to prevent leakage, density variation and phase separation of PCMs as well as to increase the heat transfer area during a phase change process. Such an approach may also improve the thermal conductivity through the selection of appropriate materials such as the use of metal or SiC as shell materials and the addition of heat conducting particles such as graphite to the miro-capsules [89] .
In microencapsulated PCMs, polymers or inorganic materials are generally used as the shell materials [90] [91] [92] . The micro-scale capsules are mainly fabricated by chemical methods including interfacial polymerization, in-situ polymerization, simple or complex coacervation, phase separation, suspension-like polymerization etc.
Fang et al. [93] adopted the same method to form micro-encapsulated PCMs using n-tetradecane (C 14 H 30 ) as the core material, and Urea (CH 4 N 2 O) and formaldehyde (CH 2 O) as the polymerization precursors for the polymer shell material. SEM studies were used to determine the average size of microcapsules as 100 nm. It was also found that the phase transition temperature declined slightly. The possible reasons for the decreased freezing point are the change of heterogeneous structure in phase transitions of a disordered liquid phase to an ordered solid structure during cooling as well as the captured impurities in the core [94] . Alkan et al. [95] methyl methacrylate absorbed, the diameters and mechanical strength of microcapsules were increased. Huang et al. [97] used the suspension copolymerization-solvent evaporation method to encapsulate sodium phosphate dibasic heptahydrate with polymethyl methacrylate. They concluded that once the hydrated salt microencapsulation was prepared, the microcapsule would confine the salt hydrate, avoiding vaporization of the water of crystallization during heating dehydration and as a result limit the formation of the phase separation.
Zhang et al. [98] investigated the in situ sol-gel process on inorganic salt hydrates and discovered that the use of silica as shell material in microencapsulation of hydrated salt can effectively reduce the phase separation. They concluded that the main reason for the observed enthalpy increase of the composite was this reduction in the degree of phase separation. Song et al. [99] studied a new synthetic method using the cellulose as a shell material and eicosane (C20) as core material. The results showed that the latent heat of microencapsulated C20 increased due to the change of crystallization behavior of C20. Microcapsule wall material hindered the crystallization behavior of phase change and resulted in fractional crystallization and greater exothermic properties. This fractional crystallization behavior is attributed to the effects of long chain alkane rotator phases in geometric confinement [100, 101] . However, Chen et al. [102] also studied the phase change characteristics of stereotypes structure of self-assembled carbon nanotube composite organic phase change materials and pointed out that the self-assembly of carbon tube and interfacial properties of phase change materials was the main reason. Currently, most microencapsulation studies are devoted to PCMs with ordinary phase change materials. The microencapsulation of cryogenic-temperature and high-temperature PCMs is quite scarce, because microcapsules are hard to keep their shell integrity at extreme temperatures.
Microencapsulated phase change materials in slurries
Apart from textile and building applications, microencapsulated PCMs are also dispersed into carrier fluid to form micro-encapsulated phase change slurry in heat storage applications where the slurry acts as not only the heat storage medium, but also as the heat transfer fluid [103] . Microencapsulated phase change slurries are advantageous for the dynamic and static storage of thermal energy as they combine the favorable properties of phase change materials and liquid sensible storage materials. The microcapsule shell can protect the core material from interacting with carrier fluid and avoids particle aggregation [104] . Microencapsulation can also increase the specific surface area of PCM, which significantly increases heat transfer efficiency [105] . Due to the good fluidity they can be transported by pumping, and their apparent specific heats at specific set temperatures can be designed by adding different micro-size capsules with cores of PCMs with different melting points [106] . Apart from thermal storage, they have many other potential applications in the area of heating, ventilation, air conditioning, refrigeration etc. Efforts the over last three decades have clearly increased thermal transport and storage properties of microencapsulated PCM slurries, with thermal capacity 2-4 times higher than that of the carrier liquid [107] .
In practice, the microencapsulated phase change slurries are more commonly used for cold storage instead of heat storage. For example, in 2002 Narita airport in Tokyo developed a microencapsulated phase change slurry based cold storage system with a cold storage density of 67 MJ/m 3 . This is 21 MJ/m 3 larger than that of cold water. Although the cold storage density was smaller than ice storage, the energy efficiency was higher and the running cost was lower.
Griffiths and Eames [106] developed a ceiling cooling system based on a microencapsulated phase change slurry with microcapsules of 2-8 μm in diameter. The continuing experimental operation lasted for four months and the results indicated that when maintaining the constant cooling temperature, such a system could effectively reduce the flow rate as well as the total pumping power compared with using chilled water. Wang and Niu [108] designed a new air-conditioning system based on ceiling cooling combined with cold storage using microencapsulated phase change slurry in storage tanks. The research indicated that part of the cooling load could be shifted from the daytime to nighttime using a relatively small slurry storage tank. The new system was more energy efficient and economically favorable compared to an ice storage system. Gschwander et al. [109] compared the rate quantity and cost of water and microencapsulated phase change slurry and found that in the low temperature applications that lower than the melting point of water, microencapsulated phase change slurry can be one promising substitute. The success of micro-encapsulated phase change slurry is dependent on the stability of microcapsules under repeated pumping, cyclic heating and cooling as well as long-term storage, which is still a challenge.
Macro-structured LHS devices
Macro-encapsulation
Macro-encapsulation is a method that physically entraps a significant quantity of core materials in packages at larger scales (above 1 mm). Apart from the scale, the other distinguishing feature of macro-encapsulation Veruscript Funct. Nanomater. | 2018 | 2: #GHV5W9 | https://doi.org/10.22261/GHV5W9 compared with micro-encapsulation is the possibility of a direct-contact heat exchange with the HTF, as can be seen in Figure 2 [110] .
Macro-encapsulation is a common way of encapsulating PCMs for thermal energy storage applications. The package shape in macro-encapsulation can be spherical, tubular, cylindrical or cuboidal [111] . The main advantages of the macro-encapsulated materials include [112] : compatibility with both liquid and gas heat transfer fluids; they are easy to transport and handle; leakage problems can be avoided; good compatibility of PCM and the surroundings as well as reducing the external volume changes during the phase change process.
The package/container material is key in macro-encapsulation as the shell has to meet a set of requirements such as mechanical strength, flexibility, corrosion resistance and thermal stability. Furthermore, it has to act as a barrier to protect the PCM from harmful interaction with the environment [44] . The thickness of the shell is critical in assessing the effectiveness of the encapsulated PCM. An inadequately thick PCM capsule shell can have inferior structural and thermal properties, whereas, an excessively thick shell can reduce the loading capacity of PCM inside the macro-capsule, increasing the container volume as well as reducing the thermal conductivity [111] .
Polymeric
For low temperature heat storage such as in building applications where paraffin serves as the core PCM, polymers are generally used the shell material. Due to the good ductility, while using high density polyethylene to pack PCM in a spherical capsule with diameter of 55 mm, the thickness of the shell can be only 0.8 mm [110] . The thermal test result indicated that the surface resistance is not significant compared to the varying resistance offered inside the PCM capsules. As a result, such a device enables much quicker charging/discharging than sole sensible heat storage.
Ceramic
For high temperature applications, ceramic or metallic materials have to be used. While ceramic materials are used, generally a mechanical method is applied in manufacture with five steps of shaping, welding, pouring, sealing and completing [113] . Leng et al. [114] encapsulated PCMs in andalusite based honeycomb ceramic and demonstrated its reliability at very high temperatures. With PCM mass fraction of 20% K 2 SO 4 and 16% NaCl, the combined heat storage capacity was 987.70 kJ kg −1 (0-1080°C) and 796.40 kJ kg −1 (0-810°C) respectively. Similarly, NaCl was encapsulated in SiC ceramic balls for high temperature heat storage and the experimental results showed enhanced thermal properties with a phase change enthalpy of 143 kJ kg −1 , heat storage density of 264 kJ/kg, and thermal conductivity of 5.7 W m −1 K −1 [115] ; making it an excellent candidate for application in solar thermal power generation. Alumina-based ceramic materials were also used as the shell material in macroencapsulation [116] . One disadvantage in using ceramic materials as shell materials compared with polymers is that the shell thickness is significantly greater. An additional disadvantage of using ceramic materials for macroencapsulation is leakage of the PCM due to the porous nature of ceramics. An approach to resolving this problem was investigated by Pendyala [117] through the use of a non-porous intermediate layer between the PCM and the ceramic shell in order to prevent leakage of a molten salt.
Metallic
The use of metallic materials can reduces the thickness of the shell compared to ceramics. If metallic materials are used to encapsulate molten salts, the five-step mechanical method is also applied. Zhao et al. [118] used stainless steel 304L as shell materials to encapsulate magnesium chloride in cylindrical capsules. Each macrocapsule measured 25.4 mm in diameter and 50.8 mm in length; the thickness of the shell was about 1 mm. Multiple thermal cycle tests revealed that the latent heat contributed about 84% to the storage capacity of the macro-capsule without any discernible deterioration or any observable corrosion of the shell.
Electroplating can be used to encapsulate metallic PCMs allowing for accurate control of the shell thickness. Maruoka and Akiyama [113] used Pb as a PCM, and nickel film as shell material to fabricate capsules, and the thermal cycling tests of different sized samples showed that the samples had enough strength by increasing the film thickness or decreasing PCM size. Analysis of thermal stress tests also validated the ability of the developed stress model to predict the required film thickness and PCM diameter. Zhang et al. [119] developed copperbased capsules using a chromium-nickel bilayer as the shell material. The capsule copper core diameter measured 6.4 mm and the thickness of the shell was approximately 1 mm. The capsules remained intact after 1,000 thermal cycles from 1,050°C to 1,150°C with no leakage of the core material. Further investigations on the structural integrity of the capsules revealed good oxidation resistance and stability between the copper core and the Veruscript Funct. Nanomater. | 2018 | 2: #GHV5W9 | https://doi.org/10.22261/GHV5W9 bilayer after extended thermal cycling. Although corrosion is one of the disadvantages of using metallic materials as the capsule shell, this can be prevented by using high temperature paints [120] .
Some of the macro-encapsulation techniques are already at the commercial stage and a combination of metallic and ceramic materials are also used to manufacture commercial products [121] .
Composite devices
Shell and tube unit for heat storage and heat transfer
The shell and tube heat storage unit is one of the most widely used heat transfer units. Its structure is shown in Figure 3 . The main body consists of two coaxial tubes (an outer tube and an inner tube). PCM is encapsulated between the two tubes and heat transfer fluid (HTF) flows in the inner tube. Heat is exchanged between the HTF and the PCM through the tube wall. It can achieve the purpose of heat charge and discharge.
Hosseini et al. [122] investigated the performance of a shell and tube heat-exchange unit using RT50 as the PCM and water as the HTF. The researchers focused on the influence of HTF temperature and natural convection on the heat storage performance. The results showed that natural convection enhances the melting process of PCM. Computational results showed that when the temperature of HTF reached 80°C, the total melting time of PCM reduces by 37%. Zuo et al. [123] built a concentric bushing model for a shell and tube heat storage device using high-temperature molten salt. Fluent was used to analyze the physical properties of molten salt fluid and PCM under natural convection conditions. The influence of the inlet temperature and flowrate in the inner tube on the proportion of liquid phase and melting time was investigated. An experimental platform for comparative study was also built. The results showed good consistency between the experimental results the simulation results. The total melting time reduced by 16.2% when natural convection in the phase change region was taken into consideration. Agyenim et al. [124] added ring and longitudinal fins to a shell and tube heat storage unit. The researchers aimed to enhance the heat transfer of the PCM. They carried out experiments and simulations on three different configurations of heat storage units. Erythritol, with a phase transition temperature of 117.7°C, was selected as the PCM. The results showed that, added fins can improve the heat storage performance of the shell and tube unit. Among the three kinds of shell and tube units, the unit with longitudinal fins achieved the best heat storage performance.
Mosaffa et al. [125] added circular fins on the PCM side of a shell and tube heat storage unit, and carried out simulations on its discharge. They compared the heat storage unit with a rectangular thermal storage unit of the same volume. The influence of the operating parameters of the HTF on the performance of the unit was investigated. CaCl 2 ·6H 2 O was used as the PCM, and air, as HTF. The results showed that the performance of the shell and tube unit is better than that of the rectangular unit. Both heat storage units had the same heat storage density and heat storage volume. The flowrate of the HTF was shown to have a greater effect on the discharge performance of the unit than the operating temperature of the HTF.
Ermis et al. [126] added rod-shaped fins on the side of PCM. They used an artificial neural network (ANN) algorithm to simulate a shell and tube heat-storage unit. The effects of different fin structures and dimensions as well as varying HTF operating conditions on the thermal properties of the heat storage unit were investigated. The results showed that ANN can simulate the thermal efficiency of the simulation unit well and compared with the traditional unit, a heat storage unit with added rod-shaped fins was found to have a better heat storage effect (Figures 4 and 5) .
Fleming et al. [84] improved the thermal conductivity of the phase change region of a shell and tube unit by adding aluminum foam. The effects of natural convection, flow rate of HTF and heat flux on the properties of the unit were investigated. The results were compared with those from the literature and the addition of aluminum foam was determined to have an inhibitory effect on the natural convection in the phase transition region. However, the improvement in the rate of heat storage offsets this decrease in convective heat transfer. The rate of heat storage and the discharge rate were increased by nearly 100% and 20%, respectively. The increase of the heat storage rate is higher than that of the heat release rate due to the difference in thermal conductivities of the solid and liquid phases.
Mesalhy et al. [127] added porous metal foams on the PCM side of a shell and tube heat storage unit. They aimed to improve the thermal conductivity and enhance the heat transfer properties of the phase change region. Their investigation centered on determining the influence of porosity and thermal conductivity on the properties of the unit which showed that the thermal storage performance of the unit was significantly improved by the addition of the porous foam. In fact, the rate of heat storage of the unit increases with a decrease in the porosity of the foam. As mentioned before, the presence of a porous foam can affect the natural convection of the phase change region (Figure 6 ).
Mosaffa et al. [128] added two PCMs with different phase change temperatures in the phase change region of a shell and tube heat storage unit. The researchers analyzed the exergy efficiency of the units focusing on the effect of the temperature and flowrate of the HTF. The results showed that the exergy efficiency of the novel unit was higher than that of a unit with a single PCM. Increasing the temperature and flowrate of the HTF can increase the exergy efficiency of the unit, however, an increase in temperature had a comparatively more favorable effect on the exergy than increasing the flowrate.
Zhang and Faghri [129] added a rod-shaped fin to the HTF side. They modelled the shell and tube unit, and compared it with a traditional shell and tube unit. They analyzed the effect of the size and number of fins, Re number and the thermal conductivity of the fluid on the process of heat release. The structural parameters of the fins were evaluated, showing that the rate of heat storage of the unit increases with the thickness, height and quantity of fins. Addition of fins is an effective method to enhance the heat transfer behavior, especially for a HTF with low Re number or small thermal conductivity. For a HTF with low Re number or small thermal conductivity, larger fins can enhance the heat transfer effect (Figure 7) .
Tao et al. [130] performed a numerical study on the use of helically-finned tubes, dimpled tubes and conefinned tubes as inner tubes in shell and tube units. They investigated the heat storage properties of three different kinds of units focusing on the influence of operating parameters and the structure of the units. The simulation results revealed that the performance of the three novel units were improved significantly compared with traditional units. Under the same operating conditions, the charge times of units with corrugated inner tubes, conefinned tubes and spiral-finned inner tubes were decreased by 19.9%, 26.9% and 30.7%, respectively. Spherical energy storage/heat transfer unit Spherical energy storage/heat transfer modules are another type of commonly used energy storage module. As shown in Figure 8 , the PCMs fill an inner spherical cavity through which heat exchange with external HTF occurs via the spherical wall in order to store/release heat. Their heat transfer efficiency is high to their simple structure and large surface area. They can be used to form packed bed heat storage systems with high performance.
Several articles have been published on the performance of spherical modules for energy applications [131] [132] [133] [134] [135] [136] . Archibold et al. [137] performed a numerical study on the spherical energy storage modules with NaNO 3 as PCMs. The effects of several parameters were investigated including, the Grashof, Stefan and Prandtl dimensionless numbers, the sphere diameter, encasing material, HTF temperature as well as the wall temperature. Simulations have been compared with experiments. The results show that energy storage ability of modules increases with the increase of Grashof, Stefan and Prandtl numbers. In particular, for constant Grashof and Stefan numbers, the Prandtl number was shown to have a great impact on the energy storage performance of the unit. The impact of the shell material thermal conductivity was investigated by defining the shell material parameter χ as χ = 1 -k PCM /k shell , where k is the thermal conductivity of the material identified in the subscript (PCM or shell material). When the χ is in the range 0.966-0.994, it has little impact on the performance, however, when χ is 0.67, the time for energy storage of modules decreases by 34.1%. In other theoretical studies, Roy and Sengupta [138] investigated the effect of natural convection on the energy storage performance of spherical modules in adiabatic conditions. The results show that 15% of PCMs in the upper part of module has been melted. Compared with natural convection, Grashof number and Prandtl number has less effect on the melting of module in upper part.
Those investigations show that unlike the shell and tube heat storage modules, the charge and discharge of the heat in spherical modules have difference. For the discharge process, PCMs releases heat while solidification. And the solidification starts from the wall to the center. The PCMs which has already been solidified on the wall increases the thermal resistance of the inner part of the sphere. Thus, the whole time for heat release is extended. However, for the heat storage process, PCMs absorb heat during melting. Because of the density difference between solid and liquid PCM, there is a volume change during the phase change. The high density solid sinks to the bottom under gravity whilst the low density liquid floats to the top. Thus, as illustrated in Figure 9 , natural convection occurs in the module, which increases the rate for melting.
There are two methods restricted investigation and non-restricted investigation in articles for the unique melting process in the spherical heat storage modules. In restricted investigation, because of the install of thermocouples and other equipment in module, in experiment the non-melt solid PCMs is restricted by thermocouples and other factors cannot sinks down by gravitation. In this method, the solid and liquid phase of PCMs has no essential difference. Unlike the restricted investigation, in non-restricted investigation, there is no restriction for PCMs in this method. And because of the density difference between liquid and solid phase, natural convection occurs after heat absorption process starts.
Khodadadi and Zhang [139] have used restricted method to investigate the effect of buoyancy-driven convection on the heat storage performance of a spherical module. Their study revealed that on the onset of melting, thermal conduction dominates the heat transfer in the module with the effect of buoyancy-driven convection increasing with the volume of melted PCM. Thus, the melting rate in upper part of the module is larger than that in the lower, solid region. The effect of Rayleigh number on convection, compared with Stefan number, determines the natural convection in a spherical module; the Prandtl number has more effect on all phase change zones in the melting process. Assis et al. [140] investigated the effects of natural convection on the melting process of PCMs in spherical modules by experiment and numerical simulation with the non-restricted method. The experimental and simulation results were in good agreement and the thermal storage performance of the modules was shown to depend, mainly, on the geometric size of spheres and the operating parameters. The influence of the thermal resistance of the spherical shell material was demonstrated using glass (high thermal resistance) as a shell material, resulting in a noticeable decrease in the melting rate ( Figure 10 ).
Plate heat storage/heat exchange unit
Plate heat storage/heat exchange module, like the shell and tube heat storage module and spherical heat storage module, has a simple structure. PCM fills the rectangular zone between parallel plates through which heat is exchanged with a HTF. Several modules can be stacked together to form a plate heat storage/heat exchange system, as is shown in Figure 11 .
While analyzing the heat transfer in plate thermal storage module, because of much thinner thickness and relatively lower thermal conductivity compared with its length, the heat transfer in the vertical direction is often neglected and only horizontal direction is considered, as is shown in Figure 12 . Articles focusing on the performance of plate thermal storage modules are limited with only a few early scholars [141, 142] investigating methods of enhancing the heat transfer in these modules (adding high thermal conductivity material, fins and ribs) and analyzing the performance of modular systems [143] .
Zhao et al. [144] performed experimental and numerical studies on the effect of wall temperature and porosity of metal foam on the performance of a plate thermal storage module using paraffin as PCM and metal foam to enhance heat transfer. Results showed that compared with a pure PCM module, the thermal storage efficiency of module with metal foam increases. Adding metal foam (porosity of 95%) increases the inner temperature of the plate compared with pure PCM. The effect of the metal foam on the heat transfer rate was demonstrated using temperature-time measurements at fixed points, 8 mm, 16 mm and 24 mm from the heated plate wall showing a 30%, 28% and 26% decrease in time, respectively, to reach a specified temperature with the metal foam ( Figure 13) .
Ye et al. [145] investigated the performance of a plate-fin heat storage module using paraffin as PCM via numerical simulation. The structure is shown in Figure 14 . The effect of the temperature difference between the heat transfer fluid phase change temperature of PCM on the performance of module was found to have a great influence on heat storage performance of the module.
Embedded and other forms of heat storage/exchange units
In addition to the three common heat storage/exchange unit types discussed above, studies have been carried out on more complex units. These units are rare in industrial applications due to their complex configuration and feasibility for integration. This review concludes come of the current progress and state of art of these heat storage/exchange units.
Earlier studies in the 1980s focused on the direct insertion of high-conductivity inserts for heat transfer enhancement. Sparrow et al. [146] experimentally studied PCM-based charging/discharging processes of a finned vertical tube in a cold environment and the results showed that small fins can triple the amount of frozen PCM. Similarly, Padmanabhan and Krishna Murthy [147] performed a theoretical study on the phase change processes occurring in the annular section of concentric tubes. Rectangular, uniformly spaced longitudinal and axial fins are compared in the study and it is found that the addition of fins is advantageous for thermal storage applications. In addition, corresponding work by Velraj et al. [148] concluded that the fin configuration for tubes and lessing rings in PCM containers is highly suitable for solidification enhancement while bubble agitation may be more suitable for melting processes.
The advanced development of embedded containers is the use of heat transfer fluid pipes with fins. For example, Agyenim et al. [149] demonstrated that the heat transfer of PCM can be faster by increasing the number of heat transfer tubes embedded in it. However, the pipes occupy a volume within the PCM storage vessel that decreases the energy storage capacity of the tank. Robak et al. [150] compared the melting process of a PCM under three cases: without any conductive material, with pipes and with fins. The experimental study showed that the overall melting rates for the heat pipe-assisted cases were, on average, 70% greater than in the cases without thermal conductivity enhancers, and 50% greater than when fins are used. In practice, fluid pipes are always chosen in high temperature applications (>400°C) because they have high effective thermal conductivities, and can be obtained in a variety of shapes [151] . The fin material in these cases may be graphite foil, aluminum, steel or copper. On the other hand, for temperatures below 400°C, aluminum fins or steel fins are generally applied. Steinman et al. [152] demonstrated that there was no degradation of the aluminum after testing for more than 400 h in contact with NaNO 3 . Steel fins occupy a greater volume than those made of graphite for heat transfer performance resulting in significantly higher costs and lower corrosion resistance against molten salts [153] .
Combinations of fluid pipes and fins are also studied by both numerical simulation and experiments. Shagbard et al. [154] presented a numerical study of a system consisting on fins arranged orthogonally to the heat transfer fluid pipes. Khalifa et al. [155] presented the benefits of using heat pipes along with fins in high temperature systems. Robak et al. [150] found that by adding four fins to a fluid pipe the effectiveness was improved around 24% and the thermal storage capacity reduction was 0.86%. Furthermore, by adding five fins, the effectiveness was improved by around 34% and the subsequent reduction in thermal storage capacity was 1.07%. Thus, it was concluded that the combination of fluid pipes and fins has the potential to improve the performance and reduce the capital cost.
In the work by Tay et al. [156, 157] , U-shaped tube heat storage units with different arrangements were investigated. Computational fluid dynamic (CFD) models of the different configurations were created, modelling the charging/discharging process of HTF and validated with experiments. In addition, the influence of the number of tubes on the performance of a single unit was studied. As shown in Figure 15 , the PCM occupies the cylindrical cavity of the unit with U-shaped heat conducting tubes embedded in it. When HTF flows though the U-shaped tubes, heat transfer will occur with the PCM through the tube walls. The result shows that when the tube-in-tank design compactness factors above 90%, the heat exchange area and efficiency is over 70%.
Tay et al. [158] also compared the heat transfer performance of three different shell and tube heat exchangers based on the model of above-mentioned U-shaped tube heat storage units. The structure is shown in Figure 16 . Figure 17 shows a U-shape heat storage unit designed by Çakmak [159] . Calcium chloride hexahydrate was used as the PCM and filled the shell of the heat storage unit with water as the HTF. Different from the design of Tay et al. [157] , the arrangement of U tubes in the unit is arranged in single tube, there is only one U tube in the unit, and the heat transfer fluid enters from the inlet and exits at the outlet. The unit designed by Cakmak is a multi-tube arrangement (Figure 17 ), in which there are multiple U type single tubes with multiple inlets and exits. The result shows a unit storage 588 kJ and 417 kJ with HTF (water) input temperature 65°C and 45°C, respectively. Similar, approaches have been carried out by Al-Khaffajy and Mossad [160] , Jaworski et al. [161] and Kurnia et al. [162] on different configurations of U-tube heat storage/exchange units as shown in Figure 18 . Figure 19 shows a triplex tube thermal energy storage unit designed by Al-Abidi et al. [163] . In contrast with other shell-and-tube thermal energy storage units, this unit consists of three concentric tubes. The inner and outer tubes held the HTF and the middle tube held the PCM. The effects of operating conditions of the HTF and heating methods (inner tube heating, outer tube heating and heating both tubes) on the heat storage unit performance were investigated experimentally. Results showed that heating both the inner and outer tubes achieves the best performance using the lowest HTF temperature for the PCM to melt completely. Similar studies on this type of tube configuration, have been carried out by Long Jian-you [164] as well as Basal and Unal [165] .
As an extension on the study of the triplex tube unit, Al-Abidi et al. [166, 167] further studied the unit thermal conductivity upon the addition of fins. As shown in Figure 20 , fins were added to the inner and middle tubes in the phase change region. Results from both simulation and experimental approaches showed a significant improvement in the thermal energy charge/discharge time of the new design. In addition, the HTF inlet temperature was observed to have a greater influence on the charge/discharge time compared with the flowrate with an 86% and 56% improvement in the time upon increasing the HTF inlet temperature and flowrate respectively.
Besides researches and studies mentioned above, other configurations have been proposed by [168] [169] [170] such as ship-type, tank-type and rod-type etc. (Figure 21 ) As previously mentioned, the complexity of the configuration limits the utilization of these designs through integration into large-scale systems.
Summary
This review paper is focused on the composite phase change material and the design of its storage devices. The review is carried out from micro-structured LHS materials and macro-structured LHS devices. The part about micro-structured LHS materials includes fabrication, characterization of, and applications of composite PCMs. The part about macro-structured LHS devices introduce the a wide variety of configurations to improve heat transfer performance during the charging/discharging processes.
Micro-structured LHS materials can be fabricated by incorporation, impregnation or microencapsulation. All the three fabrication method can obtain decent energy storage density, thermal conductivity, leakage preventation and mechanical strength of Micro-structured LHS materials. However, the incorporation method based on mixing and sintering requires high processing temperature. The high temperatures increase the risk in decomposition of PCMs and reaction between different materials, disable net shape formation and contribute substantially to the energy consumption. Therefore, this method is difficult to be extended to more PCMs with various phase change temperatures for wider applications. The impregnation method based on porous material is usually confronted with the issue of incomplete impregnation even when additional pressure/vacuum is applied, which will lead to the decrease in the energy storage density. Furthermore, the pore size is required to be small enough (<20 nm) to reduce the risk of leakage. This process also needs high temperature to melt the PCMs, which is energy-intensive for high temperature applications. Available microencapsulation methods on MEPCM had been reviewed, together with MEPCM's characterization. Applications of MEPCM in the textile and building were presented; the results concluded that MEPCM had good potential for thermal energy storage purposes and it can be used for solar space heating as well. Currently, most microencapsulation studies are devoted to PCMs with ordinary PCMs. The microencapsulation of cryogenic-temperature and high-temperature PCMs is quite scarce, because microcapsules are hard to keep their shell integrity during charging/discharging for extreme temperature applications. Nevertheless, the potential utilization of MEPCM in various thermal control applications is limited to some extent by their cost, which still needs more in-depth research. Fundamental properties of MPCS are summarized from both theoretical and experimental studies in terms of its storage, rheological, heat transfer characteristics. Also different simulation and experiment techniques for MPCS are discussed. Finally, the MPCS applications for thermal energy storage system are also presented and the results are quite promising for its future utilization in practice. The success of micro-encapsulated phase change slurry is dependent on the stability of microcapsules under repeated pumping, cyclic heating and cooling as well as long-term storage, which is still a challenge.
The following development directions could be carried out in the future:
(1) A low temperature sintering method are required to help the incorporation method to realize the production of wide ranges of composite PCMs and enable energy-saving and low-carbon fabrication of composite PCMs. (2) More advanced microencapsulation technologies are required to enable the cryogenic-temperature or hightemperature thermal storage applications of MPCM. (3) A promising method is to study how to enhance the contents of PCM materials and reduce particle sizes from micro to nano in the fabrication process of MPCM. MPCS still needs further investigations on the subject of improving its stability and minimizing the agglomeration. (4) The configurations of macro-structured LHS devices need to be further improved and more advanced heat transfer enhancement technologies is desired in the LHS devices.
